ABSTRACT. Prenatal caloric restriction in guinea pigs causes intrauterine growth retardation and reduced neonatal viability and surfactant phosopholipid (PL). We report here fetal surfactant levels in this model, and correlate total lung PL with ultrastructural maturation of surfactant type I1 cells and lamellar bodies (LB). Pregnant guinea pigs were fed ad libitum throughout their 68-d gestation (control), or fed 50% rations from d 45 until term (starved). Fetal lungs were examined at d 55, 60, and 65 for PL content and composition, including disaturated phosphatidylcholine (DPC), and compared with neonates for both groups. Lung lobes were analyzed ultrastructurally in d 65 fetuses for the numerical, volume, and surface densities of type I1 cells and the volume densities of LB. Prenatal starvation caused significant intrauterine growth retardation at all ages; body and dry lung weights were reduced on d 65 by 26 and 23%, respectively. By d 55 and thereafter, starvation decreased total lung P L by 43-45% but did not alter P L composition. On d 65, the total lung volumes and relative numbers, surface densities, and volumes of type I1 cells in tissue and the relative volumes of LB within type I1 cells did not differ by caloric regimen. Thus, starved and control fetuses had similar total volumes of LB per lung (13-15 pL), although starved animals had significantly less lung DPC. Although the total volume of LB per lung correlated well with total lung DPC from d 55 through birth in controls, starvation led to a significant departure from this relationship. These results suggest that the concentration of DPC within LB can vary markedly without changing the size and appearance of the LB, or that the reduced amounts of DPC in starved fetuses represent deficiencies of surfactant from non-LB compartments. Supported by Grant HL-37386 from the National Heart, Lung, and Blood institute 28 controls, the lungs of starved rat fetuses appear to have reduced septation and delayed surfactant type I1 cell maturation, including the subjective impression of fewer LB in those cells (5). In newborn guinea pigs, the total lung weight, DNA content, alveolar surface area, compliance, and surfactant content are reduced significantly when pregnant animals receive 50% rations of their normal food during the last 3 wk of their 68-d gestation (4, 6).
ABSTRACT. Prenatal caloric restriction in guinea pigs causes intrauterine growth retardation and reduced neonatal viability and surfactant phosopholipid (PL). We report here fetal surfactant levels in this model, and correlate total lung PL with ultrastructural maturation of surfactant type I1 cells and lamellar bodies (LB). Pregnant guinea pigs were fed ad libitum throughout their 68-d gestation (control), or fed 50% rations from d 45 until term (starved). Fetal lungs were examined at d 55, 60, and 65 for PL content and composition, including disaturated phosphatidylcholine (DPC), and compared with neonates for both groups. Lung lobes were analyzed ultrastructurally in d 65 fetuses for the numerical, volume, and surface densities of type I1 cells and the volume densities of LB. Prenatal starvation caused significant intrauterine growth retardation at all ages; body and dry lung weights were reduced on d 65 by 26 and 23%, respectively. By d 55 and thereafter, starvation decreased total lung P L by 43-45% but did not alter P L composition. On d 65, the total lung volumes and relative numbers, surface densities, and volumes of type I1 cells in tissue and the relative volumes of LB within type I1 cells did not differ by caloric regimen. Thus, starved and control fetuses had similar total volumes of LB per lung (13-15 pL), although starved animals had significantly less lung DPC. Although the total volume of LB per lung correlated well with total lung DPC from d 55 through birth in controls, starvation led to a significant departure from this relationship. These results suggest that the concentration of DPC within LB can vary markedly without changing the size and appearance of the LB, or that the reduced amounts of DPC in starved fetuses represent deficiencies of surfactant from non-LB compartments. (Pediatr Res 29: 288-291, 1991) Abbreviations LB, lamellar bodies PL, phospholipid DPC, disaturated phosphatidylcholine IUGR, intrauterine growth retardation Maternal malnutrition during gestation decreases fetal growth and development and causes IUGR. Starvation of pregnant animals yields smaller fetuses that do not survive parturition or newborns that fail to thrive postnatally (1) (2) (3) (4) . Compared with controls, the lungs of starved rat fetuses appear to have reduced septation and delayed surfactant type I1 cell maturation, including the subjective impression of fewer LB in those cells (5) . In newborn guinea pigs, the total lung weight, DNA content, alveolar surface area, compliance, and surfactant content are reduced significantly when pregnant animals receive 50% rations of their normal food during the last 3 wk of their 68-d gestation (4, 6) .
However, the fetal maturation of alveolar type I1 cells after such malnutrition-induced IUGR has never been accurately quantitated in any of these animal models.
There are few data on the cellularity of normal human fetal lungs, and none for human hypoplastic lungs caused by or associated with any form of IUGR or prematurity (7) . This is despite a mortality rate in neonates weighing ~2 5 0 0 g that is 40 times that of larger neonates during the 1st postnatal month, and that smaller neonates show a higher incidence of neonatal respiratory distress (8, 9) . Thus, animal models of IUGR may improve current understanding of the pulmonary consequences of similar human intrauterine stress. We have asked two fundamental questions using such a model in guinea pigs. First, how does maternal starvation affect the maturation of fetal type I1 cells, including their total numbers, average dimensions, and contents of LB? Second, do changes in type I1 cell structural development during this stress correlate with the content and composition of surfactant PL found in such growth-retarded lungs? We have used ultrastructural morphometry and PL analyses in time-dated fetuses in our attempt to answer these questions.
MATERIALS AND METHODS
Pregnant Hartley-strain guinea pigs with verified insemination dates were obtained from Camm Research (Wayne, NJ) and individually caged at 22°C (2). Controls received food ad libitum throughout their pregnancies (Guinea Pig Chow no. 5025, Ralston Purina Co., St. Louis, MO, containing 4.0% fat, 18.5% protein, 1 1.5% fiber, and 175% of known vitamin and mineral requirements). Experimentals were fed ad libitum until d 45 of gestation, and then were fed 50% rations of the average amount consumed by controls at the same day of gestation (starvation). In practice, this 50% ration was equal to 20 g of Chow/d until parturition at 67-69 d of gestation. No evidence of coprophagia was noted in any animals, and fecal pellets were similar in size and apparent degree of hydration between treatment groups. Vitamin C was added to the water supply of starved animals, as previously described (2, 4) . All aspects of the experimental protocol were reviewed and approved by the Animal Care Committee of St. Louis University Medical Center, and all experiments were conducted in accordance with the highest standards of humane care.
For PL analyses, the lungs of viable control and starved fetuses were studied at 55, 60, and 65 d of gestation. Fetuses were obtained by cesarean section under maternal anesthesia (Na- Because type I1 cells from both control and starved animals contained about 16% LB by volume, these LB may have conweight was reduced 26% and dry lung weight 23% compared tained different densities or concentrations of DPC in the two with controls (Table 1) . Starvation also reduced the total lung treatment groups. However, no evidence exists to support such PL by 43-45% at all ages (Table I) , similar to data in newborn a conclusion. Gail et a/. (19) reported no decreases in the volume guinea pigs from starved litters (6) . Lung PL compositions were density of LB within type I1 cells of fasted adult rats compared similar between treatments, and the percent DpC increased with with controls, despite reductions in tissue of DPC of 27% and age in all fetal animals (Fig. 1) . Although the percent DPC lavage DPC of 40% (19) . A subsequent analysis of type 11 cells decreased slightly from d 65 to birth in both groups, total lung in lungs of 1-to 2-d-old rat PUPS from prenatally starved litters DPC increased through parturition (Fig. 2) . The percentages of suggested that LB volume density in type 11 cells decreased only other surfactant PL were similar in control and starved groups slightly compared with controls (20) . (Fig. 1) .
A more plausible explanation of the starvation-altered relaUnlike body weight and dry lung weight, total fixed lung tionship between total lung DPC and total lung LB volume ( Fig.  volumes and their fractions of respiratory parenchyma were not 3) derives from the relatively small Percentage (10-2 1 %) of total significantly different between control and starved fetuses at d lung DPC that can actually be isolated from purified LB fractions 65 (Table 2 ). Ultrastructural analyses of type I1 cells indicated of the same lungs (21) (22) (23) . The large m~o u n t of non-LB lung no significant interlobar differences for any animal, and data DPC is distributed elsewhere in type 11 cells (including endowere then pooled by animal for intergroup comparisons. The ~lasmic reticulum, Golgi apparatus, and transport vesicles) and distribution of type I1 cells in the respiratory parenchyma was in extracellular pools of secreted or recycled surfactant (21) . not affected by prenatal starvation, with similar values to controls Because only the LB pool of DPC was estimated m o~h o m e t r ifor the numerical, volume, and surface densities of type I1 cells tally in the s~~r v e d fetuses, DPC may have been depleted pri-( Table 2 ). The volume densities of LB within type I1 cells were marily from these other non-LB pools as a result of prenatal also comparable in control and starved fetuses at d 65, averaging starvation. In n~b o r n guinea pigs from starved litters, lavage 17% of type I1 cell volume (Table 2) . Thus, the total volumes of DPC was &creased by 61 %, compared with only a 35% reduc-LB per lung were similar between groups at d 65, although the tion in the lavaged lung tissue compartment (6) . In newborn starved animals departed from the linear relationship between rats, the total LB content of DPC decreased slightly even as total total lung DPC and total lung LB volume noted for controls lung DPC i~~~r e a s e d by 35% during 24 h of air breathing (23). (Fig. 3) ( 1 3) .
Thus, the linearity between lung DPC and lung LB volume for control fetuses (Fig. 3 ) may mean only that the relative amount DISCUSSION of total lung DPC that is within LB is constant over this developmental period, even though all lung DPC pools are expanding Prenatal starvation reduces fetal and newborn lung surfactant dramatically. Stresses such as parturition or prenatal starvation to similar degrees in both rats and guinea pigs, and lung DPC is might then both be viewed as having perturbed primarily the usually reduced to a greater extent than lung dry weight or non-LB pools of surfactant DPC. cellularity in the same animals (3, 6, 17) . Altered type 11 cell TO summarize, large deficiencies in pulmonary surfactant maturation would thus seem to be a likely determinant of the among starved guinea pig fetuses were not accompanied either morbidity and respiratory distress noted in neonates from starved by changes in PL composition or by retarded maturation of the litters or other forms of IUGR (7), despite a lack of direct secretory type I1 cells that produce this material, as assessed information. In starved fetal rats, Curle and Adamson (5) found ultrastructurally. Decreased total lung PL also were not associqualitatively reduced saccular differentiation, diminished epithe-ated with significant changes in air-filled compliance among lial attenuation, and reduced amounts of histochemically iden-neonates from starved litters when adjusted for differences in tifiable surfactant within presumptive type I1 cells. In previous lung volume and body weight (6) . Nevertheless, prenatal starvastudies of newborn guinea pigs from starved litters, we examined tion clearly has deleterious consequences on neonatal survivor-
